A deterministic cavity-QED source of polarization entangled photon pairs 
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We present two cavity quantum electrodynamics proposals that, sharing the same basic elements, 
allow for the deterministic generation of entangled photons pairs by means of a three-level atom suc- 
cessively coupled to two single longitudinal mode high-Q optical resonators presenting polarization 
degeneracy. In the faster proposal, the three-level atom yields a polarization entangled photon pair 
via two truncated Rabi oscillations, whereas in the adiabatic proposal a counterintuitive Stimulated 
Raman Adiabatic Passage process is considered. Although slower than the former process, this 
second method is very efficient and robust under fluctuations of the experimental parameters and, 
particularly interesting, almost completely insensitive to atomic decay. 



The main issue in cryptography is the secure distribu- 
tion of the encoding key between two partners. With this 
aim, quantum cryptography renders two classes of pro- 
tocols Q, Q m based, respectively, on superposition and 
quantum measurement, or entanglement and quantum 
measurement. Entanglement based protocols were first 
considered by A. Ekert Q and present some potential 
advantages: (i) under passive state preparation, frustra- 
tion of multiphoton splitting attacks since each photon 
pair is uncorrelated from the rest ; (ii) in the presence 
of dark counting, entangled states allow for the detection 
and removal of empty photon pulses by means of coin- 
cidence photodetection; (iii) for some entangled states 
lying in decoherence free subspaces, no information flows 
to non-relevant degrees of freedom 0; and, for quantum 
networks, (iv) null information leakage to the provider of 
the key. In spite of (i), it is very important to deal with 
single photon pairs since multiphoton pairs decrease the 
quantum correlations between the measurement results 
of the two parties and, accordingly, enhance the quan- 
tum bit error rate j^. 

Quantum cryptography with entangled states has been 
achieved by means of parametric down converted photons 
generated in non- linear crystals 0)11) 0- However, in all 
these cases the photon number statistics (and their time 
distributions) follows, essentially, a poissonian distribu- 
tion. Thus, in order to reduce the number of multipho- 
ton pairs, the average photon number has to be much 
less than one which, in turn, strongly reduces the key 
exchange rate. Accordingly, one of the practical issues 
in entanglement based quantum cryptography presently 
attracting considerable attention is the development of 
light sources that emit deterministically single entangled 
photon pairs at a constant rate In addition, it 

is worth to notice that single pairs of entangled photons 
and more involved non-classical photon states 12] have a 
fundamental significance for testing quantum mechanics 
against local hidden variable theories and for practical 
applications in teleportation and dense coding [l^ . 

Focusing on the optical regime, we discuss here a 
cavity-quantum electrodynamics (cQED) implementa- 
tion 16, 12, 18, 19, 20, 21) 22J that, making use 
of a y-type three-level atom coupled successively to two 
high-Q cavities presenting polarization degeneracy, al- 



lows for the deterministic generation of polarization en- 
tangled photon pairs. The initial separable state of the 
system is chosen such that the relevant couplings can be 
reduced to those of a three-level interaction between the 
initial state and a bright state combination of the 
two excited atomic states and the modes of cavity 1, and 
between this bright state and the polarization entangled 
photon state. Two different scenarios are investigated 
for the entangled photon pair generation based, respec- 
tively, on two truncated Rabi Oscillations (ROs) and on a 
Stimulated Raman Adiabatic Passage (STIRAP) process 
|23 | between the three relevant states of the system. The 
feasibility of both implementations and some practical 
considerations will be discussed for realistic parameter 
values of state of the art experiments in optical cQED 

[Ulilliiiaillil. 



The system under investigation is sketched in Fig. 1 
and is composed of a single V-type three-level atom 
with two electric dipole transitions of frequencies Uac and 
LUbc, and two high-Q cavities both displaying polariza- 
tion degeneracy and having identical longitudinal mode 



frequency uic- 



and A_ 



uic — oJbc are 

the detunings. The transition |a,ni+) ^ |c, ni+ + 1) 
(|6,ni_) ^ \c,ni- -f 1)) will be governed by the cou- 
pling (7i+-y/ni_|_ + 1 {gi-y/rii- + 1) with j = 1,2 denot- 
ing the cavity, gi± the vacuum Rabi frequency of the 
corresponding circular polarization, and ni± the num- 
ber of a± circularly polarized photons. We will consider 
here the completely symmetric case given by ujac = ^bc, 
A+ = A_(= A), and5i+(i) = g^-{t){= g,{t)). This sym- 
metry could be easily obtained by considering a J = ^ 
J = 1 atomic transition with the quantization axis along 
the optical axis of the cavities. Eventually, we will relax 
some of the previous symmetry requirements in analyz- 
ing the influence of experimental imperfections such as 
the presence of a stray magnetic field. 



In the rotating-wave approximation, the coherent dy- 
namics of the full system is described by the following 
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FIG. 1: (a) V-type three level atomic configuration under 
investigation, (b) Proposed setup for the deterministic gener- 
ation of polarization entangled photon pairs. is the two 
mode vacuum state of cavity i. The two proposed configura- 
tions based, respectively, on two truncated ROs and STIRAP 
are simultaneously shown. Also shown are the basic optical 
elements needed for the Bell analysis of the entangled states 
(QWP; quarter wave plate; HWP: rotating half wave plate; 
PBS: polarization beam splitter; D^: single photon detector). 



Hamiltonian {h ~ 1): 

H = Ho+Hi, (1) 
Ho ^ ujc {al^a,+ + al^a.^'j + ^ (2) 

i=l,2 j=a,b 
i=l,2 

where aj_(_ {ai± ) is the photon creation (annihilation) op- 
erator in the corresponding cavity mode, 5+ = |c)(a|, 
and = \c){b\. 

The couplings given in (3) allow to group the states 
of the full system composed of the atom plus the cav- 
ity modes into manifolds such that each manifold is de- 
coupled from the rest. We assume the ability to pre- 
pare the intracavity fields in a Fock state and take 
\ip{t — {))) = a\j^a\_\Vl){= \I)) as the initial state of the 
system with jfJ) = |c) ® |^^)2, being the two 
mode vacuum state of cavity i. In this case, the coherent 
evolution of the system is constrained to remain in the 
space spanned by the five states of the manifold displayed 
in Fig. 2(a). Let us consider now the alternative basis of 
this manifold given by: 
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VB) and \D) are the so-called bright and dark states 
|23| resulting from the combination of the excited atomic 
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FIG. 2: (a) Manifold of states coupled to |/) = a|_^a|_ \Q,) and 
the corresponding relative energies and coupling strengths (in 
the interaction picture), (b) The same manifold in terms of 
the basis states given in (4)-(8) under the two-photon reso- 
nance condition. 



states and the modes of cavity 1. correspond to two 

Bell states for the photons while the atomic state factor- 
izes. In the interaction picture, it is straightforward to 
check that, under the two photon resonance condition, 
A+ — A_(= A), the latter basis states satisfy 

{D\H\I) = {D\H\E+) = {B\H\E-)=0 
{B\H\I) = V2gie-'^' 
{B\H\E+) = {D\H\E-) 
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The resulting coupling chain is schematically illustrated 
in Fig. 2(b) and suggests the two proposals of this paper. 
Proposal 1. The two ROs scheme. Interaction starts 
in cavity 1 with two different pathways for the atomic 
excitation, from |J) to S']_a|_|r2) and to S^_a\^\^l) (see 
Fig. 2(a)). However, under the two-photon resonance 
condition, one indeed deals with an effective two-level 
system where ROs occur between states |/) and \B) 
(Fig. 2(b)). In the interaction picture, the solution of 
the Schrodinger equation for g2 — yields: 



:^sin(17,V2) 



\B) 



+e 



iAt/2 



cos{nit/2) ~ i—sm{flit/2) \I) 
ill 



being fii — \J^g\ + A^ the so-called generalized quan- 
tum Rabi frequency. Hence, under the single-photon res- 
onance condition, A = 0, there are complete population 
oscillations between these two states. 

With this dynamics in mind, the steps to determinis- 
tically generate a polarization entangled photon pair are 
the following: (i) preparation of the system into the ini- 
tial state |/); (ii) the three-level atom interacts resonantly 
with the two circular polarizations modes of cavity 1 for 
an interaction strength, VLi{t) = 2\/2gi{t) [25, and time, 
ti, yielding half-of-a- resonant RO with the bright state, 
i.e., Vli{t)dt — TT. The state of the system after this 
step will be |'0(ii)) = and, finally, (iii) the three- 

level atom couples to cavity 2 for a time ^2 such that 
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//^'+*' n2{t)dt = TT, with n2{t) = 2g2{t). If so, the vac- 
cum modes of cavity 2 stimulate the emission of a single 
photon through the two paths S\_a[_\V) a\^a\_\VL) 
and 5'la|^|0) a\_a\j^\VL) . The state of the system 
after this last step will be + ^2)) = — 1^'^)- Hence, 
the state of the three-level atom factorizes and, in the 
end, each cavity contains exactly one photon. These two 
photons are entangled in their polarization degree of free- 
dom. 

Proposal 2. The STIRAP scheme. By diagonalizing 
Hamiltonian (l)-(3) in the interaction picture and assum- 
ing the two-photon resonance condition, it results that 
one of the energy eigenstates of the system is: 

|A(6')) = cos6'|/) -sin6'|i;+), (9) 

where the mixing angle 9 is defined as tan0(t) = 
V^gi{t)/g2{t). Following (9), it is possible to transfer 
the system from |/) to \E'^) by adiabatically varying the 
mixing angle from O*' to 90" realizing a counterintuitive 
STIRAP process 0|. In this case, the steps to generate 
the polarization entangled photon pair are: (i) prepara- 
tion of the system into the initial state |/); (ii) the three- 
level atom couples first to the empty modes of cavity 
2; and, before this interaction ends, (iii) the three-level 
atom starts to slowly interact with the modes of cavity 1. 
Note that this last step means that the transverse spatial 
modes of the two cavities should appropriately overlap to 
assure the adiabaticity of the process. 

Although not as fast as the two truncated ROs pro- 
posal, the STIRAP process has two advantages: (i) it is 
very robust under fluctuations of the experimental pa- 
rameters, e.g., interaction strengths and times, due to 
the fact that the system adiabatically follows an energy 
eigenstate; and (ii) it is almost not sensitive to atomic 
decay since, first, there is no need of single photon reso- 
nance, and, second, \A{6)) does never involve the inter- 
mediate state \B). 

To further characterize these two cQED sources of en- 
tangled photons we consider the cavity decay of the pho- 
tons through the mirrors and their eventual detection. 
Accordingly, we will investigate next the evolution of the 
system in the presence of two kinds of dissipative pro- 
cesses. First, spontaneous atomic decay from the two 
optical transitions |a) to |c) and \b) to |c) at the common 
rate F. Second, cavity decay of the photons through the 
mirrors and the irreversible process of their detection. 
We assuming a perfect quantum efficiency for the detec- 
tors (77 — 1), Ki± ~ K,2± (= k) an take the same mirror 
transmission coefficient, k, for all four cavity modes. To 
account for dissipation we have used the Monte Carlo 
Wave Function (MCWF) formalism '26^ and averaged 
over many realizations of quantum trajectories. Accord- 
ingly, Hamiltonian (l)-(3) has been replaced by the fol- 
lowing non-hcrmitian Hamiltonian: 

i=l,2 i=l,2 
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FIG. 3: Evolution of the system towards the polarization en- 
tangled photon state l-E"*") through two truncated ROs (a) 
and via STIRAP ((b) and (c)). Parameters are P = 0.05g 
and K = O.IP for (a) and (b); k = 0.03g and P = 0.1k for (c). 
In all cases A+ = A_ =0. g is the vacuum Rabi frequency 
at the cavity center that we assume to be the same for both 
cavities. Realistic parameter values have been chosen for the 
gaussian transverse profiles of the cavity modes. For STIRAP, 
appropriate overlapping between the transverse modes of the 
two cavities has been considered. 



Fig. 3 shows the evolution of the system in the pres- 
ence of dissipative processes obtained by averaging over 
many MCWF simulations. Fig. 3(a) corresponds to the 
two half-of-a-resonant ROs proposal, while (b) and (c) 
account for the STIRAP case. In (a) and (b) the dom- 
inant dissipative process is spontaneous atomic decay, 
while in (c) it is cavity decay of photons through the 
mirrors. For (a), the fidelity of the source, defined as 

F = maxt |(£;+|^/'(^))|^ is F = 0.74, while for (b) and (c) 
it is 0.83 and 0.39, respectively. For the ROs proposal, 
similar results to (a) are obtained when one exchanges 
the values of k and F. In the STIRAP case, state \B) 
remains almost unpopulated for the whole process even 
with A_|_ = A_ — 0, which makes this process quite in- 
sensitive to atomic decay (see Fig. 3(b)). For large values 
of the cavity decay, the fidelity of the STIRAP scheme 
strongly decreases (Fig. 3(c)) since it has be to adiabatic 
and, therefore, significantly slow. 

To demonstrate the robustness of the STIRAP process 
in the presence of decoherence and experimental imper- 
fections, in contrast to the ROs case. Fig. 4 presents con- 
tour plots of the fidelity as a function of the atomic and 
cavity decay rates ((a) and (b)), and of the deviation from 
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FIG. 4: Fidelity contour plots of the cQED entangled photon 
pair source for the two truncated ROs case ((a) and (c)) and 
via STIRAP ((b) and (d)). Parameters are: A+ = A_ = 
for (a) and (b); and k = F = for (c) and (d). (A+ + A_)/2g 
and (A+ — A-)/2g measure the deviation from the single and 
the two-photon resonance condition, respectively. 



the single and two photon resonance conditions ((c) and 
(d)). Figs. 4(c) and 4(d) account, e.g., for the presence 
of a stray magnetic field such that (A+ — A_)/2 7^ 0, or 
an electric field yielding (A+ + A_)/2 7^ 0. In fact, it 
is straightforward to check that, for aJ = OtoJ=l 
transition, a magnetic field of one Gauss would reduce 
the fidelity of the cQED source by around 30% for the 
ROs proposal, while in the STIRAP proposal it would be 
reduced by only 3%. 

Finally, it is worth to note that by means of coinci- 
dence photodetection (see Fig. 1(b)) it is possible to dis- 
card from the statistics those processes involving spon- 
taneous emission of photons and those where the two 
cavity photons have been emitted from the same cavity. 
For such a postselection process. Fig. 5 shows the fidelity 
F of the cQED source and its entanglement capability, 
characterized by means of the S parameter of the CHSH 



inequality {S = 2^/2 for maximally entangled states 
and S" = \/2 for a non-entangled state). Clearly, for the 
STIRAP case, high S values can be achieved even for 
large atomic decay rates. 

In conclusion, we have proposed two different schemes 
for the deterministic generation of polarization entan- 
gled photon pairs. The first proposal is based on the 
implementation of half-of-a-resonant RO in each cavity. 
Within this scheme, fidelities around F ~ 0.4 could be 
obtained for the best combination of atomic and cavity 
decay rates of state-of-the-art experimental implementa- 
tions in the optical domain j^H^I- The second proposal 
is based on STIRAP and, although slower, it is consider- 
ably more efficient and presents interesting features such 
as its robustness under fluctuations of the experimental 
parameters or the fact that it is almost not sensitive to 
spontaneous atomic decay. For this proposal, fidelities 
around F ^ 0.2 are expected for state-of-the-art imple- 
mentations. 
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FIG. 5: (Color online) Values of the fidelity F and the en- 
tanglement parameter S as a function of the atomic decay for 
the ROs method (circles) and STIRAP (squares) . Parameters 
are, in both cases, A+ = A_ — and k = O.OOSg. Lines are 
to guide the eyes. 
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